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MODELING OF COLD PLASTIC DEFORMATION OF THE HOLES MADE IN  
SPECIMENS OF SHAPE-MEMORY ALLOY 
P. V. Yasnii,1  O. V. Dyvdyk,1,2  and  V. P. Iasnii1 UDC 539.3 
The process of cold plastic deformation of a hole in a plate made of shape-memory alloy is simulated by 
the finite-element method by setting the mechanical characteristics and the temperatures of the onset and 
termination of direct and reverse phase transformations.  By using the ANSYS Workbench software, 
we determine the distribution of residual stresses in the plate in the vicinity of a functional hole.  
The highest normal compressive and tensile stresses are formed in the middle part of the plate and at 
a distance of  2–4 mm from the edge of the hole, respectively.  
Keywords: shape-memory effect, NiTi alloy, phase transformations, martensite, austenite, normal 
stresses, strengthening of the holes. 
Introduction 
The development of contemporary engineering advances new elevated requirements to structural materials 
and their characteristics of strength and durability.  The shape-memory alloys (SMA) [1–3] have good characteris-
tics of durability, high strength, high damping ability, and high resistance to the action of corrosive media [4, 5], 
which explains their extensive application in various branches of engineering.  At low temperatures, in the ab-
sence stresses, martensite stays in the twin phase.  Under mechanical loads, it passes into the reorientation phase 
and changes its microstructure [6].  
The distributions of residual stresses in structural elements with holes after their cold pressure treatment can 
be found by using analytic [7], numerical [8–10], and experimental methods [8, 11].  The main regularities of 
the influence of mandrelling tension (degree of cold expansion) and the diameter of the hole on the distribution 
of stresses in the vicinity of the hole and the durability of plates made of aluminum alloys under loading with 
constant amplitude were established in [10, 12, 13]. The holes can be strengthened as a result of cold plastic de-
formation performed by using various technological procedures:  punching of the balls or mandrels of conic 
shape with calibrating sections [13–15] and the methods of split bush [16, 17] or barrier drafting. 
A method of cold hardening of the holes with the help of tools made of shape-memory alloys proves to be 
quite promising [18, 19].  In particular, we can mention an improved method of strengthening of the holes guar-
anteeing the formation of residual compressive stresses around the hole in the axial and radial directions [19] 
due to the application of tools with cylindrical collars made of shape-memory alloys.  As usual, the shape-
memory effect is simulated by using the finite-element method (FEM) with the help of 3D thermomechanical 
models [20–22]. 
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Fig. 1.  Plate in the XYZ  coordinate system (a),  3D finite-element  model of the plate (b), and the working tool (c). 
 
Fig. 2.  Tensile stress-strain diagram of D16chT aluminum alloy. 
The aim of the present work is to simulate the process of plastic deformation of a tool made of SMA by the 
FEM and compute residual stresses formed in the vicinity of a functional hole. 
Procedure of Investigations 
In the present work, the residual compressive stresses in the vicinity of a hole are determined by using the 
FEM and the method of cold strengthening of holes with the help of a tool made of SMA.  The numerical simu-
lations were carried out in the ANSYS Workbench software environment for materials with unilateral shape 
memory [21].  
Consider a plate in an XYZ  coordinate system.  Assume that no motion is possible at the point  A   along the 
Z -axis  (Fig. 1a).  We constructed 3D finite-element geometric models of a plate containing a hole (Fig. 1b) and 
a working tool made of SMA (Fig. 1c). 
We study a square plate  t  = 6 mm  in thickness and  40 × 40 mm  in cross-sectional sizes made of D16chT 
aluminum alloy and containing a functional hole whose diameter can be equal to  d  = 8; 10,  or 12 mm (Fig. 1b).  
The working tool made of SMA has the form of a cylinder of length  L  = 12 mm  (Fig. 1c).  The stress-strain 
diagram  of  the  aluminum  alloy  under  uniaxial  tension  is  presented  in  Fig. 2.  The  mechanical  characteristics of  
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Fig. 3. Transformations of the crystal lattice in shape-memory alloys: (I) martensite in the phase without twinning; (II) austenite; 
(III) twin martensite; (IV) loading; (V) heating; (VI) cooling. 
Table 1 
Physicomechanical Characteristics of NiTi Alloy with the Shape-Memory Effect [23] 
Elasticity modulus,  
MPa 
Poisson’s  
ratio 
Temperatures  
of transformations, °С 
Martensite phases Austenite phases 
Ea Em ν  M f  Ms As Af  
52700 45000 0.33 – 96 – 69 – 60.5 – 38.7 
D16chT alloy at 20°С are as follows:  σuts  = 300 MPa  and the ultimate strength  σ0.2  = 430 MPa.  The physi-
comechanical characteristics of the tool material are presented in Table 1 [23]. 
The martensite phase appears at lower temperatures, and the crystallographic lattice changes twice (Fig. 3), 
namely, twinning in the cold state is followed by the reorientation under loading with preservation of defor-
mation in this phase after unloading.  The elevation of temperature up to  Af   leads to the austenite transfor-
mation and returns the material into the initial nondeformed state. 
In Table 2, we present the diameters of the hole made in the plate of D16chT alloy and of the tool made of 
NiTi alloy prior to,  D0 ,  and after,  D1,  deformation in the martensite phase.  For the numerical analyses, 
we chose working tools with shape memory in the form of continuous cylinders with diameters  D0  = 8, 10,  and 
12 mm  larger than the initial diameter of the hole in the plate  d0 .  The cylinder was deformed by uniaxial ten-
sion down to a diameter  D1 < d0   and placed into the hole.  In the course of heating up to the temperature  Af ;   
the SMA passes into the austenite phase, expands in the hole of the plate up to the diameter  d0   and, hence, cre-
ates stresses in a vicinity of the hole.  After cooling down to the temperature  M f ,  the tool was removed from 
the hole.  This procedure leads to the formation of compressive residual stresses in the vicinity of the hole.  
The degree of expansion of the hole can be found by using the formula  
 i = d1 – d0
d0
 ⋅ 100%.  
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Table 2 
Geometric Sizes of the Plate and the Tool Made of SMA 
Plate size,  
a × b  
Initial diameter of  
the tool  D0  
Diameter  
of the tool after  
deformation  D1 
Initial diameter  
of the hole  d0  
Diameter  
of the hole after  
strengthening  d1  
Degree  
of cold expansion  
i , % 
mm 
40 × 40 
8 
7.736 7.76 7.95 2.4 
7.736 7.84 7.96 1.5 
10 
9.67 9.70 9.94 2.4 
9.67 9.80 9.95 1.5 
12 
11.604 11.64 11.93 2.4 
11.604 11.76 11.94 1.5 
For the discretization of the model, we used a 20-node 3D finite element (FE; SOLID186).  To increase the 
accuracy of calculations by the FEM, the plate was discretized by tetrahedra with sides of  2 mm  (see Fig. 1b). 
Moreover, in the vicinity of the hole, we used tetrahedra with sides of  0.5 mm.  The tool was discretized 
with the help of 20-node FE with sides of  1 mm  (see Fig. 1c). 
The process of plastic deformation of the hole was modeled in five stages.  The working tool is first  
deformed by tension at a temperature  M f  = – 96°С  (I);  then it is unloaded and placed into the hole made in 
the plate at a temperature  M f  = – 96°С  (II).  Then the tool placed into the hole is heated up to a tempera-
ture higher than  Af  = – 15°С  (III).  Finally, the tool is deformed by tension inside the hole (IV) at a temperature  
M f  = – 96°С  in order to be able to pull it out of the hole (V). 
Results of Investigations 
We plotted the distributions of normal residual stresses  σ y   along the X -axis in the vicinity of the function-
al hole for the degrees of cold expansion i  = 1.5  and 2.4% (Figs. 4a, b) and compared them with the results 
of FEM evaluation of residual stresses for the plates  60 mm  in width with holes of the corresponding diame-
ters [13] for the degrees of cold expansion i  = 2  and 3%.  We present the plots of residual stresses in the vicini-
ty of the hole for the diameters equal to 8 mm (Figs. 4a, b) and 10 or 12 mm (Figs. 4c, d) both in the middle  
section of the plate  Z = t /2   (Figs. 4a, c) and on its surface  Z = t   (Figs. 4b, d). 
The dependences of the maximum compressive residual stresses (on the surface of the hole) on the diameter  
of the hole  d  = 8, 10,  and 12 mm and the degree of cold expansion i  = 2.4  and 1.5% for  Z = t /2   are shown 
in Fig. 5a.  For the investigated degrees of cold expansion, the lowest residual stresses are formed near the hole 
10 mm in diameter, while the highest stresses are detected in the vicinities of the holes  8 and 12 mm  in diame-
ter.  The larger the diameter of the hole, the smaller the difference between the residual stresses on its surface 
in the middle section of the plate (across its thickness) for the relative expansions of the hole equal to 1.5 
and 2.4%.  For the hole with a diameter of  12 mm,  the residual normal stresses  (for  x = d /2 )  coincide for both  
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Fig. 4. Distributions of normal residual stresses along the X -axis in the vicinity of functional holes with diameters equal to 8 mm ((a, b): 
(1) 2.4%; (2) 1.5%; (3) 3% [13]; (4) 2% [13]) and to 10 or 12 mm (c, d) for   Z = t /2   (a, c)  and  Z = t   (b, d) for the degree of 
cold expansion  i  = 2.4% ((c, d): for the diameter of  (1) 8 mm; (2) 10 mm; (3) 12 mm). 
 
Fig. 5. Dependences of the maximum residual compressive stresses on the diameter of the hole for  Z = t /2   [(a): (1) 2.4%; (2) 1.5%] 
and their distribution across the thickness of the plate  Z = Z /t   (b) with  d  = 8  (1); 10 (2), and 12 mm (3) for the degree of cold 
expansion  i  = 2.4%. 
degrees of relative expansion.  In Fig. 5b, we show the distributions of residual stresses on the surface of the 
hole  (x = d /2 )  across the thickness of the plate for the degree of cold expansion i  = 2.4%.  For the holes 10 
and 12 mm in diameter, the maximum compressive stresses near the hole are formed on the surface of the plate 
and, for the hole 8 mm in diameter and the same degree of cold expansion, the maximum stresses are formed in 
the middle of the plate.  The indicated inversion can be explained by different ratios of the diameters of the hole 
to the thickness of the plate. 
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CONCLUSIONS 
By the finite-element method, we simulated the process of cold plastic deformation of a hole in the plate 
with the help of a working tool made of SMA and plotted the distributions of residual stresses in the vicinity of 
the hole for various diameters and degrees of cold expansion.  The procedure of mandrelling is based on the 
ability of SMA to exhibit a unilateral shape-memory effect.  The maximum normal compressive stresses are 
formed on the plate surface in vicinities of the holes 10 and 12 mm in diameter for the same degrees of cold ex-
pansion and in the middle of the plate for the hole with  ∅ 8 mm.  The indicated inversion can be explained 
by different ratios of diameters of the hole to the plate thickness.  For the degrees of cold expansion i  = 1.5 
and 2.4%, the lowest residual compressive stresses in the middle (across the thickness) section of the plate  
(Z = t /2 ) appear on the surface (x = d /2 ) of the hole 10 mm in diameter.  At the same time, the highest stresses 
are formed on the surfaces of the holes with diameters of 8 and 12 mm.  The distribution of residual stresses in 
the vicinity of the hole obtained for the diameter of the tool  d  = 8 mm  is in satisfactory agreement with the ear-
lier obtained results of FEM simulations of the process of mandrelling of the holes in aluminum plates 60 mm 
in width for the relative expansions of the hole  i  = 2  and 2.4%.  
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